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1.  GENERAL CONCEPTS

INTRODUCTION

The guyed tower has been developed as a deepwater drilling and
production platform (Figure 1-1). For water depths beyond about
1,000 ft., it 1is expected that the guyed tower can provide an
economic advantage over conventional fixed platforms. Since the
guyed tower permits conventional drilling and production operations,
it also can offer advantages over floating system that use subsea
wellheads. Drilling operations are conducted from the deck of the
tower and conventional field processing equipment and utilities are
in modules on a two or three level deck.

Several engineering studies have established the conceptual
feasibility of the guyed tower (1-5). Scale model tests both in the
ocean and in wave tanks have verified the theoretical aspects of
guyed tower behavior. The first commercial application of on
offshore guyed tower for drilling and production of hydrocarbon
reserves is being made by Exxon Co. The structure is to be installed
during the summer of 1983 at the Lena prospect (Mississippi Canyon
Block 280) in 1,000 ft. of water in the Gulf of Mexico (Fig. 1-2).

The guyed tower belongs to a class of structures commonly referred to
as Compliant. The basic idea of compliancy is that the platform is
permitted to move in response to applied environmental forces rather
than rigidly resist them as in a conventional fixed platform.

DYNAMIC COMPLIANCY

It is accepted practice to design shallow water platforms using
static methods of analysis. The static approach is adequate since
the fundamental natural period of such platforms is much smaller than
the predominant periods of the waves at which significant energies
are contained. However, as the ratio of the natural period of the
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platform to the period associated with the significant energy in the
design sea state increases, inertial forces become important. These
concepts are further illustrated with reference to specific examples.

The action of Tlateral wave forces due to the design storm on a
shallow water fixed platform is known to be static. The distribution
of wave forces and associated inertial loads on a deepwater fixed
platform is shown in Figure 1-3(a). Finally both the wave forces and
inertial loads on a guyed tower are shown in Figure 1-3(b). The
following important observations can be made. The inertial forces
acting on the deepwater fixed platform are quite significant.
Furthermore, the inertial forces act in the same direction as the
wave forces and the total force for which the platform must be
designed is increased. The guyed tower exhibits an interesting
phenomenon in which the inertial forces act in a sense opposite to
the wave forces and hence decrease the magnitude of the lateral
forces for which the platform must be designed. The first example is
typical of most structures but the behavior of the guyed tower is
quite different from that wusually encountered 1in engineering
practice. While 1in most instances dynamic response leads to
amplified design forces, in the case of guyed tower dynamic action is
utilized to reduce the design forces. The behavior of the guyed
tower system is commonly referred to as compliancy. An alternate
designation would be dynamic deamplification.

The above concepts are graphically illustrated in Figure 1-4. The
ordinate in this figure represents the ratio of the dynamic Tateral
wave force to the force computed assuming the platform is rigid. The
abscissa represents the ratio of the fundamental natural period of
the platform to the period of the exciting forces assuming the latter
to be periodic. For purposes of discussion this amplification
diagram is divided into four regions. In region I, the amplification
of the wave forces is negligible. Shallow water platforms fall into
this category. The period of the platform must be less than about
twenty percent of the design wave period so that the wave forces can
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be assumed to act in a static manner. Region II is characterized by
dynamic amplification. Deepwater fixed platforms fall under this
region. The'upper Timit of this region is governed by a number of
factors including fatigue, practical design and construction
considerations and above all platform cost. At the present
state~of-the-art it is believed that the platform period can be as
high as forty to fifty percent of the period of the design wave.
Region III is characterized by high dynamic amplifications. Economic
considerations discourage design and construction of  such
structures. Compliant structures such as a guyed tower, buoyant
tower or tension leg platform belong to region 1IV. Note in
particular that the design forces for structures in this region are
only a fraction of the forces computed assuming static behavior of
the structure.

GUYED TOWER DESCRIPTION

The guyed tower platform consists of four major components: deck,
tower, foundation and mooring system (Figure 1-5). The deck can be
of the conventional modular type and can be installed using
conventional equipment and procedures. The tower supports the deck,
protects the conductors and risers, and serves as a template for
driving piles if a pile foundation is employed. The tower is similar
to a fixed platform Jjacket but has generally a uniform cross
section. It is designed using the same principles and procedures
used in the design of deepwater fixed jackets. Large permanent
buoyancy tanks are sometimes built into the upper portions of the
tower to reduce vertical loads on the foundation system. The
permanent buoyancy also provides additional restoring forces.

Two types of foundation systems have been proposed. Earlier work on
guyed tower platform utilized a vertical bearing foundation called a
spud can (Figure 1-6). It is basically a truss reinforced stiffened
shell which is artificially forced into the ocean bottom immediately
after installation until the required load carrying capability is
attained. A procedure has been devised to force the can downward by
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adding an overload in the form of a heavy drilling mud into the spud
can. Once the deck load has been placed and the tower has reached
the desired depth of penetration, the drilling mud is pumped out bf
the spud can. Extensive analytical studies and model test have been
conducted to predict the penetration of the spud can into the soil.
The spud can foundation system has been used in the test guyed tower
program conducted in the Gulf of Mexico by Exxon Production Research
Company.

More recent work identified the pile foundation as a viable alternate
to the spud can (Fig. 1-7). Experience with the performance and
installation aspects of piles in conventional platforms make the pile
foundation particularly attractive.

The piled foundation consists of sufficient number of ungrouted piles
usually located near the center of the tower. The piles are spaced
as close as practically possible to reduce foundation fixity at the
base. The piles are attached to the tower at its top by welded
connections. The pile foundation is described further in Section
2.5.1.

The mooring system consisting of several guylines attached to the
tower near mean water level and arranged radially provide lateral
support for the tower. The guylines extend from the tower to
clumpweights on the ocean floor. Anchor 1ines will connect the
clumpweights to anchoring devices installed on the ocean floor. Under
normal operating conditions the clumpweights will remain on the ocean
floor, and the platform motions will be nearly imperceptible. During
a severe storm, the weights on the stormward side of the tower will
1ift off bottom and will soften the guying sytems. This will permit
the tower and the guying systems to absorb the energy associated with
the large wave loads without appreciable increase on the guyline
tension.

The mooring system described above which incorporates clumpweights is
the one widely considered for guyed tower design. However, it is
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possible to design a mooring

certain circumstances, especially for applicatons in
waters. The merits and demerits of such a mooring

discussed in a later section.

system without clumpweights under

the deeper
system are
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2. DESIGN CONSIDERATIONS

This section of the report discusses the major design considerations
with emphasis on those factors which are particularly important for
guyed towers.

LOADS

The following types of loads should be considered in the design.

1.

Dead Loads - These are the weights of the platform structure,
permanent equipment and appurtenant structures. The platform
weight inclues platform weight in air with appropriate provision
for piles, grout, flooded water, etc.

Buoyancy and hydrostatic forces.

Live Loads - These are loads imposed on the platform during its

use and which may change. Examples of such loads are drilling
and production equipments which could be added or removed from
the platform, weight of supplies and storage items, and forces
generated from operations such as drilling, material handling,
etc.

Environmental Loads - These are loads imposed on the platform by

natural phenomena such as wind, wave, current, earthquake, soil
movement, ice, etc. The dynamic effects associated with the
response of the guyed tower to these 1loads should also be
considered.

Construction Loads -~ These 1loads vresult from fabrication,

loadout, transportation and installation of the platform and its
subsystems.
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2.3

LOADING CONDITIONS

Several representative loading conditions should be investigated
during design. Both operational and extreme design sea states should
be investigated and in each case several directions of wave approach
should be considered. Both maximum and minimum conditions of deck
payload and critical positions of drilling rig positions should also
be investigated.

Some of the important lToading conditions are identified below.

(1) Operating Condition,
(2) Design Condition,

(3) Damaged Condition, and
(4) Extreme Condition.

A more detailed treatment of these 1loading conditions and their
significance on guyed tower design are presented in a later section.

DECK

The deck configuration is primarily determined by the functional
requirements related to the drilling and production operations. It
should also be compatible with the tower configuration, which is
square or approximately square in most cases. In locating the
elevation of the lowest deck consideration should be given to the
setdown due to the substantial lateral deflection of the tower under
extreme storm.

The structural design of the deck can be done following procedures
similar to that used for fixed platforms. The dynamic effects of
wind should be investigated and accounted for in an appropriate
manner. The inertia Toads on the deck produced by the motions of the
platform should also be considered in the design of the deck.
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In order to reduce the second order forces, the design may provide
for the uncoupling of the tower and well conductors. In such cases,
the design should provide space for the vertical movement of the
wellheads.

TOWER

The overall design of the tower should follow procedures used in the
design of jackets (6). The cross sectional dimensions of the tower
are governed by the following considerations: (1) the tower should
be Tlarge enough to support the deck; (2) the tower should provide
sufficient space for the conductors and the foundation system
consisting of a number of piles; and (3) the tower should be
sufficiently stiff so that its flexural period is less than about six
seconds to avoid amplification of wave loads in that mode and hence
minimize member forces.

The cross section of the guyed tower can be kept uniform since an -
increased base is not required. The bracing patterns and member
sizes are selected using fixed platform design practice. The member
sizes in the upper part of the tower are governed by gravity loads,
Tocal wave loads and the pretension in the mooring system. In the
bottom part of the tower the member sizes are governed by hydrostatic
loadings. In the middle portion of the tower, the flexural mode of
the tower produces most of the stresses. Fabrication and
installation considerations will govern the design of members locally.

FOUNDATION

As mentioned in Section 1, two types of foundation systems have been
proposed for the guyed tower, the spud can and piled foundation. The
spud can is basically a truss-reinforced stiffened shell (Figure 1-6)
which is artificially forced into the ocean bottom immediately after
installation until the desired load carrying capability is attained.
The can is forced downward by adding an overload in the form of a

Y Yy,
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2.5.1

heavy drilling mud to the spud can. Once the deck load has been
placed and the tower has reached the desired depth of penetration,
the drilling mud is pumped out of the spud can. Both analytical and
experimental studies have been performed to predict the
load-settlement behavior of the spud can. The major disadvantages of
this foundation system are that the installation of the spudcan is
difficult and that the 1long term vertical settlement of the
foundation system is of concern.

More recent work identified the pile foundation as a viable alternate
to the spud can system. Experience with the performance and

- installation of piles in conventional platforms make such a

foundation the favored concept.

Pile Founded Guyed Tower

The basic idea of the guyed tower is that it acts as a rigid tower
pinned at the base in its fundamental sway mode. A pile foundation
system can be designed to act as a pivot which permits rotation of
the tower. In the design of conventional deepwater fixed platforms
the increased stiffness and foundation capacity are obtained by
increasing the size of the jacket and by spacing the piles as far
apart as possible. In the case of the guyed tower an opposite
approach is used to decrease the stiffness and thereby increase the
natural period. Specifically, the tower is designed to be slender,
and the piles are closely spaced and ungrouted. This design strategy
virtually uncouples the lateral stiffness of the tower and the
bending stiffness of the piles. The tower can be thought of as being
suspended from the piles since the pile terminations where the load
transfer is effected are located above the mean water level. The
axial flexibility of the piles in combination with their close
spacing leads to the required pivotal action.

Figure 2-1(a) shows a two dimensional representation of the gquyed
tower. Figure 2-1(b) shows a physical model which simulates the
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action of the piles. The piles are replaced with springs having the
same stiffness as the axial stiffness of the piles. Finally Figure
2-1(c) shows the analytical model in which the tower is represented
as a rigid bar with masses lumped at various locations. In this
model both the stiffness provided by the piles and the rotational
stiffness provided by the foundation are represented by a single
rotational spring. The above analytical model is designed to
illustrate how the compliant behavior is achieved in a pile founded
guyed tower.

The foundation system for the guyed tower consists of a number of
deep penetrating vertical piles. The number and size of piles is
primarily dictated by the total foundation load to be carried, pile
capacity and installation considerations. Group efficiency of piles
must also be considered in selecting the foundation configuration.
The axial loads on the piles are due to three components: (1) the
net effect of structural dead weight plus the deck payload less the
buoyancy; (2) the vertical component of the forces in the mooring
system; and (3) the axial forces due to environmental loadings. The
first two items produce about sixty to eighty percent of the axial
lToad on the most heavily loaded pile. The vertical load due to
pretension in the mooring system is quite significant.

The gravity loads and the contribution of the pretension produce
constant axial 1loads on the piles. Environmental loads produce
oscillatory axial forces. Since the oscillatory axial loads are less
than the constant compressive loads, the piles in a guyed tower are
always under compression. This is in contrast to fixed platforms in
which the piles are also subjected to tension under design
environmental conditions.

Since most of the environmental loads are resisted by the mooring
system, the shear and moment at pile head are not significant. Hence
an optimum design of the foundation system should reduce the axial
Toad on the piles. A good design strategy is to reduce the static
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component of vertical load on the foundation by use of additional
buoyancy tanks in the tower. Such buoyancy tanks must be Tlocated
sufficiently below the mean water level so that the wave forces can
be reduced.

The design of the pile foundation can be based on conventional design
procedures, except that the dynamic behavior of the soil-pile system
must be considered. In particular the cyclic degrading behavior of
the soil under lateral Tloads should be considered. Besides the
maximum stress criteria, the fatigue of the pile should also be
investigated.

Torsional rigidity is an important consideration in the design of the
foundation system. Since the torsional rigidity of the guyed tower
is provided by the foundation system, additional rigidity can be
provided by using shear piles. Conductors will also contribute to
the shear and torsion capacity and hence should be included in the
analytical model.

MOORING SYSTEMS

There are primarily two types of mooring systems. The first is
commonly referred to as a catenary mooring system. In a catenary
mooring, the mooring line exits the structure or vessel at a
fairlead, hangs in the shape of a catenary until at some distance out
from the fairlead it contacts the sea floor and is tangent to the sea
floor at this point. The line then runs along the sea floor to an
anchor which fixes the end of the mooring line. This type system is
characterized by the fact that increases in line tension caused by
increased forces at the fairlead are resisted by picking up
additional line from the sea floor, and thus its behavior is governed
by their unit weight.

The distributed clumpweight mooring (Fig. 2-2) can be viewed as an
optimized conventional catenary mooring. The stiffness of a
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conventional mooring is determined by the sag of the suspended
section which is always at a maximum due to the 1ifting action. The
most effective way to increase the stiffness is to reduce the sag of
the suspended section by reducing the unit weight of that section.
This 1is accomphished by using wire rope, which is very 1light when
compared to the weight per unit Tlength of the clumpweight,
pretensioned to about 30 percent of its breaking strength to reduce
the sag to an acceptable amount.

DESIGN OF CLUMPWEIGHT MOORING SYSTEM

The mooring system is a distinguishing feature of the guyed tower and
is the primary contributor to the lateral stiffness of the platform.
Besides providing the required lateral stiffness, the mooring system
with clumpweights also acts as a relief valve under extreme loads.
The load-deflection relationship for a typical mooring system for
lateral response is shown in Figure 2-3. It may be noted that the
load-deflection behavior is essentially linear up to a certain level
(Point A) of tower deflection which covers a wide range of operating
environmental conditions. However, during the design storm the
deflections of the tower are such that the tower responds in the
nonlinear softening part of the load-deflection curve. The
implications of the mooring system behavior on the tower response can
be 1interpreted as follows. The decrease in the mooring system
stiffness leads to an apparent increase in the instantaneous period
of the platform and this places the tower response farther to the
right in region IV of the response spectrum shown in Figure 1-4.
This further reduces the dynamic amplification of environmental
loads. Stated differently, unlike the case of a linear structure, an
increase in environmental loads does not produce a corresponding
increase in the tower response, especially in the resultant cable
forces which support the tower. Thus the mooring system can be
thought of as a relief valve which provides protection against
overloads. The static behavior of the mooring system will be
examined in more detail in a later section.
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Analysis of guyed towers reported to date model the mooring system as
a massless spring having nonlinear force displacement behavior
derived from a static analysis of the mooring system. Such an
idealization which uncouples the dynamic behavior of the tower and
the mooring system is adequate for predicting overall response of the
guyed tower and has been verified through the at sea model test
reported in Reference 2. Analytical investigations currently in
progress at Rice University also confirm this conclusion. However,
the dynamic behavior of the individual guylines should be explicitly
considered to predict the variation of tensions accurately (2, 7, 8).

The selection of a mooring system is of primary importance in a guyed
tower design since the Tlateral resistance to the environmental
loadings is almost totally provided by the mooring lines. In designs
of guyed towers to date, a starting point for the mooring system
design has been to obtain an estimate of the required initial lateral
stiffness of the mooring system which will guarantee satisfactory
tower response under operational sea states. The magnitude of this
stiffness, referred to as the initial stiffness, is governed by the
following factors: (1) the sway period of the tower should be
approximately twice the period of the design wave; (2) the stiffness
should be such that the tower deflections are acceptable under static
environmental Tloads, namely wind and current loads; and (3) the
mooring system should be sufficiently redundant such that the
platform behavior 1is acceptable even with a specified number of
mooring lines out of service when subjected to the design storm.

In addition to the required initial lateral stiffness an estimate of
the required strength level of the mooring system is useful in
selecting a preliminary mooring configuration. The term, strength
level, is used to refer to the total lateral resistance that the
mooring system must provide under extreme loading conditions before
any significant reduction 1in the mooring array stiffness occurs.
Factors influencing the required strength level are: (1) the maximum
wind load occurring during the extreme storm condition; (2) the
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nonzero mean of the combined current and wave loadings; and (3) the
P-Delta effects associated with the weight of the deck and tower
structure.

Mooring systems for gquyed towers may consist of sixteen to
twenty-four mooring lines. Two systems which utilize twenty-four
mooring lines are shown in Figures 2-4 and 2-5. The system shown in
Figure 2-4 is arranged in twenty-four evenly spaced radial
directions. In Figure 2-5 the mooring lines are paired in twelve
radial directions. The choice of the number of mooring lines in the
system depends on many practical considerations which, in addition to
the redundancy requirement mentioned previously, include items such
as the Tlimitations and availability of installation equipment, the
cost of installation and materials, the material availability, and
the long term operation considerations. The choice between single
and paired lines is governed by such factors as the topography in the
area of the platform, the time required for the installation of the
mooring lines, the 1lifting capacities of the installation equipment,
and the clear area requirements surrounding the platform.

Figure 2-6 shows the arrangement of a single mooring line. It
consists of an anchoring system, anchor line, clumpweight, and

‘guyline. As will be discussed later, a distributed clumpweight -

offers many advantages. If a system of single lines is utilized, a
single anchor pile per line may be used (1, 3). The anchor Tline
termination is located below the mudline near the midpoint of the
pile. Locating the termination below the mudline provides a very
efficient means of lateral load transfer by minimizing the bending
moments in the pile. In addition the pull-out resistance is
significantly increased over an arrangement with the termination at
the mudline. If the ‘mooring 1lines are paired so that a single
clumpweight is used for two lines then the installation tolerance
required to ensure that both lines are evenly loaded requires that an
anchor template be positioned on the ocean floor (4). Anchor piles
are then driven through this template. In this arrangement the
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anchor line termination 1is at the mudline which would create a
greater demand on a single pile; however, multiple piles may be used
to anchor each Tine since the anchor template will serve to
o ; distribute each line load to more than one pile. Because of the
;i large mean tension level in the anchor Tines which will be sustained
throughout the design Tife of the structure the long term effects of
el lateral creep in the soil must be considered in the design of the
anchor piles.

The elevation at which the guyline enters the tower is chosen based
on installation and operational considerations and is kept
sufficiently below the water surface to avoid interference with
service vessels. In Reference 1 the optimum location is recommended
to be the Tevel of the centroid of the design wave Toadings on the
- structure. The guyline as shown in Figure 2-6 actually consists of
E two sections. The first section extends from the clumpweight to an
outboard connection located several hundred feet away from the

5? tower. The second section sometimes referred to as the pendant
o section extends from the outboard connection to the entry elevation.
gz From the entry elevation, the pendant is directed through the tower
b using fairleads or hawse pipes to an elevation where the tensioning
r and holding devices are located. Either chain or wire rope may be
&5 used for the pendant section. In both cases the abrasion, corrosion
~ and bending fatigue are important design considerations for the

b
k.

pendant section.

2.7.1 Behavior of a Single Mooring Line

In order to design an efficient mooring system a thorough knowledge
and understanding of the design parameters which influence the

™ mooring behavior is required. Fundamental to the array behavior is
& the behavior of a single mooring line. Traditionally in catenary
- spread mooring systems the design approach has been to increase the
i@ unit weight and length of the mooring lines until an acceptable

combination is found. As will be shown below the guyed tower type
m - 15 -
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mooring is a more complicated system than the conventional catenary
mooring, and additional design parameters other than the unit weight
and the length of the mooring line are available for use in its
design. The following parameters govern the load deflection behavior
of a single mooring line.

1. The pretension applied to the line.

2. The clumpweight intensity or weight per unit length.

3. The total weight of the clumpweight.
The angle of inclination of the guyline or in other words the
distance the clumpweight is placed away from the tower.

5. The length of the anchor line.

The 1length of the anchor 1line contributes to the mooring 1line
behavior in two ways. First, under extreme 1loading conditions,
excessive mooring line tensions are likely to occur unless the line
behavior becomes soft. The length of the anchor line governs the
range of the deflections over which the soft behavior of the mooring
1line will be seen after the clumpweight has 1ifted. Once all of the
anchor line is lifted off the sea floor, the mooring line tensions
will begin to increase rapidly. The possibility of overloading a
mooring line is reduced by making the anchor line longer. However

‘under moderate tensions when the clumpweight 1is still partially -

resting on the sea bottom, the anchor line is fully supported and
behaves as a Tlateral spring support for the mooring line. It
therefore reduces the overall stiffness of the mooring line. Since
the spring value of the anchor 1line is reduced as 1its length
increases, the length of the anchor 1line should be no longer than
necessary. A minimum length of one water depth plus several hundred
feet is required for installation pdrposes so that the anchor system
may be lowered separate from the clumpweight. In the designs to date
this minimum length has provided a sufficient soft behavior range.

The lateral stiffness of a single mooring line consisting of an
anchor line, distributed clumpweight and guyline is shown in Figure
2-7 for various values of clumpweight intensity and angles of
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inclination measured from the sea floor. The cable chosen for the
guyline and anchor line in this example is 5 inch diameter wire rope,
and the point of attachment to the tower is 1500 feet from the sea
bottom. The length of the anchor line is 1800 feet. The stiffness
values shown in this figure assume that the guyline is very taut and
thus are the maximum values which may be expected for a 5 inch cable
system.

In Figure 2-7 it 1is seen that the stiffness of the mooring Tline
jncreases as the intensity of the clumpweight increases and as the
angle of inclination decreases. However, note that the length of the
guyline increases rapidly as the angle of inclination decreases below
the 25 to 30 degree range. Practical limits for the minimum angle of
inclination may be obtained from the maximum available length of a
particular cable and the relative cost of handling a higher intensity
clumpweight versus purchasing additional lengths of wire rope. The
intensity of the clumpweight is limited by the allowable soil bearing
pressures and the maximum desired width of the clumpweight. A first
guess for possible ranges of the clumpweight intensity and the angTe
of inclination which provide a given initial stiffness for each
individual mooring l